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ABSTRACT 
In recent decades, magnetorheological elastomer (MRE) has been widely used in 
engineering applications as vibration absorbers or isolators due to its field-dependent 
property. Thus, researches on the correlations of the variables and MRE behaviors are 
increasingly needed. This study aims to characterize and simulate magnetorheological 
behavior of elastomer filled with carbonyl iron and NdFeB particles under uniaxial tension, 
compression, and pure shear modes. First, tensile tests were performed for both isotropic 
and anisotropic magnetorheological elastomer (MRE) with carbonyl iron particle (CI), 
under the magnetic field of a pair of permanent magnets, to observe the feasibility of a 
portable, lightweight setup without the need of power supply. It turned out that the MR 
effect was apparent but not significant enough for real application. Also, there was a 
negative MR effect for anisotropic MRE when the magnetic flux is vertical to the particle 
chains. The compression test showed that Neodymium magnet powder (NdFeB) filled 
specimen always had higher compressive strength than the CI specimen. The outcome 
helped to the complementation of hard particle MRE characterization. A systematic shear 
test was conducted on isotropic CI and NdFeB MRE specimens. The shear test was divided 
into two parts. The first part observed the large-strain behavior of each specimen under a 
steady magnetic flux; 0, 200, 400, and 600 mT magnetic flux was applied during this part. 
NdFeB MRE specimens showed very little change in shear strength under different flux, 
while CI MRE was influenced substantially. The second part is conducted under dynamic 
flux ranging from -600 mT to 600 mT with small oscillation displacement. It turned out 
the hard MRE specimens had far more significant storage modulus than its counterpart. 
The result of the shear test proved that hard MRE has lower magnetization saturation and 
high storage modulus, and it is now further characterized. COMSOL simulation for tensile 
testing showed fair agreement with the experimental outcomes. Further improvements 
were proposed to make the model practical for future MRE studies. 
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1. INTRODUCTION 
Magnetic rheological elastomer (MRE), a class of smart materials, is a composite consist 
of non-magnetic elastomer and dispersed micron-sized ferromagnetic particles. This kind 
of elastomers response to magnetic fields with changing mechanical properties. With this 
feature, designing devices that have controllable damping and stiffness become feasible 
(Kim & Choi, 2011). Therefore, MREs have gained significant attention for their vast 
potential and versatility in recent decades and have developed into diverse applications in 
various engineering fields. This study aims to characterize and simulate 
magnetorheological behavior of elastomer filled with carbonyl iron and NdFeB particles 
under uniaxial tension, compression, and pure shear modes. 
 
Comparing to its also famous counterpart magnetic rheological fluids (MRF), MREs have 
a controllable, field-dependent Young’s modulus instead of a field-dependent yield 
strength. Thus, MREs has more practical uses in the pre-yield area of the materials. On top 
of that, MREs have essential advantages over MRFs, such as ferromagnetic particles 
sedimentation, sealing complexity, and adverse environmental compacts. Overall, MREs 
provide a complementary choice aside from the MRFs. 
 
In this research work, the recent studies on the property and microscopic simulation of 
MRE were reviewed. Various researches had been carried to analyze MRE’s performance 
under tension, compression, and shear modes. Also, the underlying particle rotation 
mechanism and microstructure can be simulated using COMSOL. The studies compared 
the differences in shear behavior between soft MRE and hard MRE. However, there is still 
inadequate comparisons to show how magnetic flux density, volume fraction, and filler 
particle make the behavior different in shear mode. Also, the MR effect from a small pair 
of permanent magnets under tension and compression was seldom studied. This work has 
evaluated the viability of a lightweight, portable MRE device without power supply. 
Furthermore, the existing simulation has not involved a material model fitting method and 
volume fraction comparison in tensile mode. This research paper will cover the above gaps 
and discuss the outcomes.  
2 
 
 
 Motivation 
Daniel et al. (2014), Kim et al. (2011), and Li et al. (2012) have discussed the mechanisms 
and applications of MRE in detail, and the material definitely has a broad future in various 
engineering areas. As there are various situations that MRE devices need to adapt to, a 
more in-depth understanding of the properties of the material is needed to develop better 
applications. For instance, the complex property of hard particle MRE is yet barely 
explored. With its unique characteristics featuring large magnetic remanence and high 
storage modulus, it is worthwhile to study it and tap the potential to use it for more precisely 
controlled MRE devices 
 
On the one hand, a primary challenge of MRE is that combined working modes are 
commonly required in real-life applications; however, relevant researches are still limited. 
For example, a vibration absorber can be working under shear, tensile, and compressive 
loadings. In the first place, it requires more extensive characterization work to be done 
under three modes. In this work, MREs with two types of filler particles and four volume 
fractions were eventually tested under uniaxial tension, compression, and pure shear modes; 
systematic and comparable data of MRE characteristics are expected. 
 
On the other hand, most MRE devices require large power consumption and large size of 
electromagnets to generate a significant MR effect which may lack feasibility and 
sustainability under some situations. Thus, I am motivated to characterize various MREs 
to find the composite that has the highest performance. Also, tensile and compressive 
testing between a pair of permanent magnets was performed to find out how much MR 
effects we can get with a small apparatus without power supplies. Ultimately, a more 
portable MRE design could be possible. 
 
Inspired by the 2D model of Sun et al. (2014)  and the tensile test simulation of Schubert 
& Harrison (2015), a 3D model was built in COMSOL. The simulation results were 
compared to experimental outcomes to calibrate the input parameters so that the model can 
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be practically predictive for some MREs. According to the 2D model of Sun et al. (2014), 
in a microscopic view, the anisotropic MRE unit cell contract under the presence of a 
magnetic field which results in increased stiffness of the material. This situation is verified 
in a 3D RVE model in Figure 1.1, the red arrows, representing the displacement field, 
pointed to the center of the unit cell, is indicating the material is contracting.  
 
Figure 1.1 The 3D unit cell simulation of anisotropic MRE under a homogeneous 
magnetic field in COMSOL. Wireframe view. Surface is von Mises stress and arrow 
volume is displacement field 
 
Based on this result, simulations of tensile, compressive, and shear behavior with and 
without magnetic field need to be further explored. The methods used to accomplish the 
above goals are outlined in the next section. 
 Methods 
First, the tensile test will focus on analyzing the MR effects of isotropic and anisotropic 
MRE under the homogeneous magnetic field of a pair of portable permanent magnets. The 
specimen is pulled by a Universal Testing Machine at the center of the gap between the 
magnet where the magnetic flux is measured 53 mT. The test is repeated under the absence 
or presence of the magnetic field, and for isotropic and anisotropic MRE. 
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The compressive test compares the compressive modulus of soft and hard MRE specimens 
with the same volume fraction. The test is conducted with and without a homogeneous 
magnetic field, respectively. An U-shape holder was 3D-printed to hold the specimen at 
the center of the gap during the compression test. 
 
For the shear characterization, MRE specimens, 20 mm in diameter and 1 mm in thickness, 
with 3 VF%, 8 VF%, 16 VF%, and 20VF% will be fabricated, with two types of filler 
particles – Carbonyl iron (CI, soft particle) and Neodymium magnet powder (NdFeB, hard 
particle). The shear test is divided into two parts: the large-strain test under steadily 
ramping field and the storage modulus test under a changing field. All shear specimens are 
tested by a rheometer, and the results are compared in a control-variable fashion. 
 
In COMSOL simulation, the first problem is how the particle position is defined. For the 
anisotropic model, the pattern of the particles employs Han et al. (2013)’s wavy chain 
structure in section 2.6.1. For the isotropic model, particles are considered randomly 
dispersing inside the rubber matrix. Thus, MATLAB is employed to generate random 
coordinates within the RVE’s dimension, and then the coordinates are manifested into 
spheres in COMSOL. The mechanic-magnetic coupling model performs magnetic force 
calculation using Maxwell equations. The constraints, forces, and magnetic fields will be 
applied to the model based on real experimental situations. 
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2. BACKGROUNDS AND THEORIES 
Previous researches have inspected the underlying mechanisms of MRE behaviors and the 
differences between isotropic and anisotropic MRES. Also, a mathematical model for the 
shear deformation of MRE was discovered. These works provided a theoretical framework 
for my research on the large strain behavior of MREs. Furthermore, the experiments by 
Schubert and Harrison (2015) and the simulations by Sun et al. (2014) employed sound 
methodology. This chapter will illustrate the outcomes of previous researches and how they 
help the current research. 
 
 Microstructure and Property of MRE 
MRE can be divided into two main kinds: isotropic MRE and anisotropic MRE, 
distinguished by the different fabrication processes. The former once have all 
ferromagnetic particles randomly dispersed into the elastomer during the curing process, 
and the latter ones are cured under a magnetic field. The anisotropic (or pre-structured) 
MRE has chain-like or sheet-like structures as shown in Figure 2.1. Distinctly, the two 
types of elastomers have different responses to mechanical solicitation and magnetic field. 
Usually, the field-dependent modulus of isotropic MRE is half of the one of anisotropic 
MRE based on the outcome of this article (Diguet, 2010). 
 
Figure 2.1 Left: randomly filled composite (isotropic MRE). Right: structured composite 
(anisotropic MRE). Diguet, G. (2010). 
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Furthermore, Chen et al. (2007) observed the microstructures of the elastomers cured under 
various strength of magnetic fields with an environmental scanning electronic microscope 
(SEM). They came up with a sketch of the MREs’ finite-column models (Figure 2.2). The 
circles represent particles, and the white background is the matrix. (a) and (b) are prepared 
when no magnetic field present; (c) and (d) are prepared under low magnetic field; lastly, 
(e) and (f) are prepared under strong magnetic field. Among the sketches, (a), (c), and (e) 
are views parallel to the particle column whereas (b), (d), and (f) are views perpendicular 
to the particle column. The figure illustrates that MREs’ microstructures are significantly 
affected by the magnetic flux density during the curing process. Also, the field-dependent 
viscoelastic properties increase with the magnetic field strength during testing. The finite-
column model can also be applied to calculate the field-induced shear modulus (Chen, 
Gong, & Li, 2007).  
 
The sketch was created based on the SEM images of the MRE that cured under none, weak, 
and intense magnetic flux. It could be helpful if the simulation can be performed to show 
how the particles in MRE with various volume fractions attracted each other into groups. 
 
Both the isotropic and anisotropic MREs need to be vulcanized after curing. Vulcanization 
creates S-H bonds between polymeric bonds so that the material has enhanced strength, 
stability, and durability. The most economical method is adding curatives to the specimen 
and place it under high temperature and pressure. For instance, commercial road tires are 
vulcanized under 170 C for 10 min. Generally, the softer the rubber is, the more extended 
period the vulcanization requires (Li, Li, & Du, 2014). It is noteworthy that by adding 
curatives, the volume fraction of the filler particle may change and if the material cures too 
fast, it is challenging to eliminate the bubbles.  
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Figure 2.2 A sketch of the MREs’ finite-column models. Chen, L., Gong, X., & Li, W. 
(2007). 
 
Although the above researches have done sufficient works in the microstructures and 
effects of MRE, the specimens are mostly CI particle filled MRE (soft particle MRE). Not 
until the recent decade, another type of MRE that is filled with NdFeB particles (hard 
particle MRE) became carefully studied. Comparing to soft particle MRE, hard particle 
MRE has lower saturation magnetization, large magnetic remanence, and far more complex 
mechanical properties (Zhao, Pang, & Gong, 2017). Zhao et al.’s study focused on testing 
the hysteresis of MRE, with various combination of CI and NdFeB particles, under a 
changing magnetic field. It did not demonstrate how the steadily ramping magnetic flux 
will influence both soft and hard MRE with various volume fractions.  
 
 Modeling of MRE Behaviors 
The shear behavior of MRE is described by the mathematical model, and the mechanical 
behavior can also be described by a four-parameter viscoelastic model. Further complex 
nonlinear behavior can be analyzed by using artificial neural networks. Each modeling 
method is briefly discussed in this section. 
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2.2.1 Mathematical model of shear modulus 
Iron particles in MR elastomers are locked within the polymeric matrix once the curing 
process is done; thus, the magnetic field can only result in local movement of the particles. 
To create a model, it is critical to specify the packing arrangement is cubical. Based on the 
facts, Christensen described a pre-structured MRE as “a cubical packing of rigid spherical 
particles,” and developed a model for its field on and field off shear moduli: 
 𝐺
𝐺0
=
3𝜋
16 [1 − (
𝛷
𝛷𝑚𝑎𝑥
)
1
3
]
 
(1) 
   
Where 𝐺0 is the shear modulus when the magnetic field is absent, 𝐺 is the shear modulus 
under the magnetic field, Φ is volume fraction, and Φ𝑚𝑎𝑥 = 𝜋/6 . Apparently, in the 
equation, the model is only valid below the maximum volume fraction for cubical packing 
(Kallio, 2005). The model is essential for calculating the change in shear modulus with and 
without the presence of a magnetic field. Calculations will be performed on the shear 
testing results for verification.  
 
2.2.2 Viscoelastic model of mechanical behavior of MREs 
MRE has distinct viscoelastic property. As this material is usually working in the pre-yield 
regime where the deformation is minor, we can consider it exhibit linear viscoelasticity 
(Kallio, 2005). According to Li et al., a four-parameter viscoelastic model can be used to 
describe the mechanical behavior of MREs (Figure 2.3). The model is a modification with 
an additional parallel stiffness element, 𝑘𝑏 , added to a traditional three-parameter 
viscoelastic model for rubber materials. 
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Figure 2.3 Four-parameter viscoelastic model. Li, Y., Li, W., & Du, H. (2014) 
 
Experimentally, data points from the dynamic loading setup plotted on a stress-strain graph 
form an elliptical shape, which matches the theoretical model (Figure 2.4). Under constant 
load with a strain below 10%, the stress-strain curve of an MRE is linear viscoelastic; when 
the strain exceeds 10%, the modulus reaches the acme and gradually decreases. Moreover, 
as the input strain frequency increases, the slope of the ellipse’s axis inclines, thus we could 
assert that the stiffness of the system goes up with the frequency (Li, Zhang, & Du, 
Magnetorheological elastomers and their applications, 2013).  
 
Figure 2.4 Stress-strain relationships for different frequency inputs. Li, W., Zhang, X., & 
Du, H. (2013). 
 
 
10 
 
2.2.3 COMSOL simulation of MRE 
Sun et al. (2014) developed an RVE simulation model of ferrous particle filled MRE. The 
simulation is aimed to predict how the MRE will behave when a magnetic flux switched 
on in a microscopic view. The research found that the magnetic force will compress the 
rubber matrix since the particles will attract to each other and increase the stiffness of the 
material. In the simulation shown in Figure 2.5, the 2D model illustrates the distribution of 
magnetic flux and the Maxwell surface stress tensor of the 4-particle RVE model. It 
successfully calculated that the shear modulus of the MRE rose 1.56 times compared to 
that of the pure rubber (Sun, Peng, & Guo, 2014). Sun et al. declared that the modeling 
results agreed with the theoretical results and it seems this simulation needs further 
development into a 3D model. The modeling results of this research can be a useful 
reference and a start-point to build a 3D MRE model under tension, compression and shear 
modes. 
 
Figure 2.5 COMSOL simulation of magnetic flux density in MRE (left) and shear 
deformation in MRE (right). Sun, S., Peng, X., and Guo, Z. (2014). 
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 Large-strain Behavior of MRE 
In 2015, Schubert and Harrison conducted the large-strain behavior test of ME under 
uniaxial compression, uniaxial tension, and pure shear deformation. It used two blocks of 
Neodymium N52 permanent magnets as the source of magnetic flux. As illustrated in 
Figure 2.6 (right), the two magnets were welded to two fixed metal plates, and the gap 
between them was consistent during the test. Whereas in the tension test, two C-shape 
clamps were employed to come around the magnets and pull the MRE specimen so that 
the operation was completed under a consistent magnetic flux too. This experiment was 
able to achieve up to 284% relative MR effects under uniaxial tension mode, as well as 
offer comparable results from systematic investigations. It also performed a COMSOL 
simulation on the tensile specimens. Nevertheless, there was no image for the shear test 
with the permanent magnets so it could be confused how it was set up and conducted 
(Schubert & Harrison, 2015).   
 
 
Figure 2.6 Test setup for the tension test (left) and the compression tests with an inter-
magnet distance of 35 mm creating 450 mT magnetic induction (right). Schubert G. and 
Harrison P. (2015). 
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Figure 2.7 COMSOL simulation of the distribution of the magnetic flux density within 
the tensile MRE specimen. Symmetry conditions were applied. Schubert G. and Harrison 
P. (2015) 
 
Based on the outcome of this experiment, a COMSOL simulation of tension test with the 
corresponding volume fractions was inspired. This model can be calibrated based on the 
result of Schubert’s research and the outcome of the experimental part of this thesis. Once 
calibrated, this COMSOL model can potentially be very predictive and useful for future 
studies. 
 
 Common Applications of MRE 
MRE has the unique properties that make it ideal to be used in devices that work in the pre-
yield region and in multiple degree-of-freedoms (DOFs). Vibration absorbers, MRE based 
sensing devices, and vibration isolators are three essential applications that developed with 
MRE. 
 
2.4.1 Vibration absorbers 
Vibration absorbers are also named tuned vibration absorbers (TVAs); they are excited by 
rotational imbalance. When system frequency shifts outside the designed range, problems 
or dangers may occur. In this case, TVA devices are capable of absorbing the unwanted 
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vibration of the system. Moreover, with MREs, the TVAs can adaptively adjust the 
frequency to a designated value Kim et al. (2011) have conducted an experiment which 
required a vibration absorber for the cryogenic cooler in order to reduce vibration and 
improve image quality. A conventional TVA was coping with the vibration well until the 
cooler’s operating frequency changes. In this case, the research group developed a tunable 
2-DOF MRE based TVA which adapt its frequency accordingly with the cooler (Figure 
Figure 2.8). A disturbance force 𝐹0(𝑡) was exerted on the system, and the responses were 
analyzed to determine how well the TVA worked. They found that the control system was 
not a closed loop since the stiffness of the MRE could not be measured. Further 
development on the TVA is required to make the stiffness of the MRE measurable under 
operation so that the tuning result can be more precise (Kim, Koo, Kim, & Kim, 2011). 
 
Figure 2.8 TVA modelling as a 2-DOF with disturbance force. Kim, Y.-K., Koo, J.-H., 
Kim, K.-S., & Kim, S. (2011). 
 
 
2.4.2 Sensing devices 
MRE also possesses other characteristics, such as magnetostriction and piezoresistivity. 
These properties and be implemented to make precise sensing devices. Piezoresistivity is 
a change in electric resistance in the material when subjected to external stress. The 
piezoresistivity effect in anisotropic MRE is significantly more phenomenal since the 
deformation caused by the external load that narrows the gap between particles generates 
stronger bonding. Thus, the reduction of resistivity is more substantial. Figure 2.9 
illustrates how the particles in chains interact in anisotropic MRE.   
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Figure 2.9 A schematic representation of unloaded and loaded anisotropic samples. 
Daniel, G., Yoan, C., Zoltan, P., & Yves, P. (2014). 
 
Daniel et al. (2014) conducted a series of experiment to investigate the characteristics of 
the MRE piezoresistivity as well as the presence of hysteresis and cyclic drifts. It is 
believed that MRE can potentially be one of the most superior materials for force or 
pressure sensors as it can deform easily to adapt to various sensing surfaces. Nevertheless, 
further characterizations are still needed involving more parameters, such as thickness, 
loading period, and specimen deformations (Daniel, Yoan, Zoltan, & Yves, 2014). 
 
Yoo et al. (2016) stated that in a pre-structured MRE, the ferromagnetic particles rotate 
under magnetic induction, and this movement causes the extension and contraction of the 
material, which is called magnetostriction. They fabricated MRE with Fe-Ga alloy 
(Galfenol) which has sizeable magneto-mechanical coupling. The Galfenol flakes undergo 
phenomenal magnetostriction when induced by wave propagation. This property makes 
outstanding sensing performance and sensitivity of a force sensor (Yoo, Na, Flatau, & 
Pines, 2016). 
 
2.4.3 Vibration isolators 
Vibration isolators are generally used to isolate the vibration sources from the rest of the 
system. According to Ibrahim, the vibration isolators can be divided into two types: base 
isolation and force isolation. As shown in Figure 2.10, both types of vibration isolators 
have MRE attached to one end, and they can work in lateral and vertical directions (Ibrahim, 
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2008). Due to the controllable stiffness of the vibration isolators, the application can adapt 
to various vibration frequencies, which considerably surpass their passive counterparts.  
 
The advantages of the MRE vibration isolators enable superior applications of more 
efficient suspension systems. Li et al. and Du et al. developed a new type of vehicle 
vibration control, which works in shear and compressive mode (Li, Zhang, & Du, 2012). 
Meanwhile, Opie and Yim created a hybrid circuit surrounding the MRE; the stiffness of 
it can increase or decrease by changing the direction of the current in the hybrid circuit 
(Opie & Yim, 2011). These new applications have all optimized the MR effect of the 
elastomers under controlled fields. 
 
 
Figure 2.10 Principle of vibration isolation systems: (a) base motion isolation; (b) force 
isolation. Ibrahim, R. A. (2008). 
 
 
 In-depth Analysis of Microstructure Formation 
Particle-level dynamic simulation is employed to investigate how the particulate structures 
are affected by volume fraction and a dynamic external magnetic field (Liu, Gong, Xu, 
Xuan, & Jiang, 2013). Though Liu’s experiment was conducted with magnetorheological 
plastomer (MRP), it still possesses considerably high reference value for MRE. Their 
particle-particle interactions should be identical. The Van der Waals force 𝐹𝑖𝑗
𝑣𝑑𝑤 can be 
described in the following equation, where 𝑟  is positional vector, 𝑑  is diameter, 𝐴 =
5 × 10−19 is the Hamaker coefficient, and ℎ𝑚𝑖𝑛 = 0.001𝑑𝑖𝑗. 
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𝐹𝑖𝑗
𝑣𝑑𝑤 =
{
 
 
 
 
𝐴
24
𝑑𝑖𝑗
(𝑟𝑖𝑗 − 𝑑𝑖𝑗)
2 ?̂?, 𝑓𝑜𝑟 𝑟𝑖𝑗 − 𝑑𝑖𝑗 > ℎ𝑚𝑖𝑛
𝐴
24
𝑑𝑖𝑗
ℎ𝑚𝑖𝑛
2 ?̂?, 𝑓𝑜𝑟 𝑟𝑖𝑗 − 𝑑𝑖𝑗 ≤ ℎ𝑚𝑖𝑛
 
 
(2) 
An excluded-volume force 𝐹𝑖𝑗
𝑒𝑣 is also calculated to avoid the overlap of particles: 
 
𝐹𝑖𝑗
𝑒𝑣 = 𝐴
3𝜇0𝑚𝑖𝑚𝑗
4𝜋𝑑𝑖𝑗
4 exp [−𝜉 (
𝑟𝑖𝑗
𝑑𝑖𝑗
− 1)] ∙ ?̂?𝑖𝑗 
 
(3) 
The above forces are crucial to define the particle-particle interaction, and the particle-
matrix interaction will be discussed as follow. 
 
In this analysis, the particle-matrix interaction is simplified to the particle is dragged in a 
fluid-like matrix with very high viscosity and specific yield stress which is a different case 
from MRE thus we need to compare later. The drag force and gravity force are derived 
from basic physics equations where 𝐶𝑑 is the drag coefficient, ρ is the density of the particle, 
𝑔 is gravitational acceleration, 𝑣 is particle velocity, 𝜏0 is the yield stress. 
 
𝐹𝑖
𝑑 = −
19
8
𝜋(𝜏0𝑑𝑖
2𝑣 + 𝑑𝑖𝜂𝑣) 
 
(4) 
 
𝐹𝑖
𝑔𝑏 =
𝜋𝑑𝑖
2
6
(𝜌 − 𝜌𝑚)𝑔 
 
(5) 
By comparing the absolute values of the forces, we can get that: 
 |𝐹𝑖
𝑔𝑏|
|𝐹𝑖
𝑑|
= 𝑂(10−2) ≪ 1.0  
𝑎𝑛𝑑 
|𝐹𝑖𝑗
𝑚|
|𝐹𝑖
𝑑|
= 𝑂(102) ≫ 1.0 
 
(6) 
𝐹𝑖𝑗
𝑚  is the magnetic interaction force of two close magnetized particles. The result 
illustrates that the particles can be rearranged by the external changing field and will not 
be moved by the gravity force (Liu, Gong, Xu, Xuan, & Jiang, 2013).  
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 The Stiffness Changing Mechanism of MRE 
As stated previously, MRE will undergo a series of changes in its mechanical properties 
such as compression and shear modulus, damping capacity, and especially in the stiffness. 
The underlying primary mechanism is the forming bonds between iron particles and the 
rubber matrix contribute to the shift of properties. At the beginning of the fabrication, the 
matrix is liquid with the very fine carbonyl iron particles randomly dispersed inside. The 
two materials quickly adhere and physically generate a rather strong bond. Moreover, when 
conducted by magnetic field during the curing process, the bond becomes even tighter since 
the iron particles appeal and attach to each other to form chains and columns, the particular 
microstructure has significant influences on the behavior of the material. Additionally, the 
matrix, which is stretched under a magnetic field, undergoes non-affine deformation which 
could also contribute to the property changes. Both two mechanisms were analyzed 
carefully with a mathematical model and simulation. 
 
2.6.1 Dipolar interaction between particle chains 
All the iron particles in this mathematical model are considered as permeable dipoles, and 
they connect into a chain in the curing process. The intense interaction between the dipoles 
in the chain can give it higher magneto-static energy. First, a straight-chain model as shown 
in Figure 2.11 (a) to mathematically verify the hypothesis. The equation below illustrates 
how the energy is calculated based on the dipole moment 𝑚, the inner particle distance 𝑟, 
and the angle between magnetic field direction and the dipole connecting line θ: 
 
𝑈 =
µ0𝑚
2
4𝜋𝑟3
(1 − 3𝑐𝑜𝑠2𝜃) 
 
(7) 
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Figure 2.11 Dipolar interactions between particles in (a) straight chain, (b) wavy chain, 
and (c) the non-affine deformation of the polymer matrix. Han, Y., Hong, W., & Faidley, 
L. E. (2013). 
 
In the situation of a straight particle chain, the angle θ is 0. When a shear strain γ occurs, 
the change of interaction energy in the shear equation is derived into: 
 𝜕2𝑈
𝜕𝛾2
= 3
µ0𝑚
2
𝜋𝑟0
3  (8) 
   
As we can see in this equation, the energy contribution to the shear stiffness is always 
positive. Accordingly, if we take ε as the tensile or compression strain and derive the energy 
function, the energy contribution to the tensile stiffness is: 
 𝜕2𝑈
𝜕𝜀2
= −3
µ0𝑚
2
𝜋𝑟0
3  (9) 
   
In contrast to the shear result, the tensile contribution is always negative. However, this 
mathematical result conflicts with the lab result for magnetically cured MRE in which the 
tensile MR effect is also positive. It is believed that the inconsistency is caused by the 
incorrect microstructure assumption. The chains formed under the magnetic field should 
be wavy instead of straight. After taking the wavy angle into account, an equation of 
magnetic energy density can be derived: 
 
𝑊𝑚(𝜆) = 𝑁𝑈 =
𝑁µ0𝑚
2
𝜋𝜆3ℎ3
[0.5𝑓 (
𝛼
𝜆2
) − 0.1503] (10) 
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Where N is the number of dipoles in the model and α is 𝑏/ℎ in Figure 2.11 (b). The 
additional tensile modulus resulted from the energy then can be calculated: 
 
𝐸𝑚 =
𝑁µ0𝑚
2
𝜋𝜆3ℎ3
[6𝑓(𝛼) + 9𝛼𝑓′(𝛼) + 2𝛼2𝑓′′(𝛼) − 1.8032] (11) 
   
The analysis of the outcomes of this equation shows that when 𝛼 ∈ [0.4, 0.85] , the 
magnetic dipolar interaction has a positive contribution to the tensile modulus. When 𝛼 is 
smaller, the chain is considered relatively straight; when 𝛼 is larger than the interval, the 
chain is considered divided into two straight chains. In both cases outside of the interval, 
the interaction will contribute to negative MR effect. Thus, the mathematical model 
concluded that the MR effect is crucially dependent of the particle alignment or chain 
structure (Han, Hong, & Faidley, 2013). The MR effect for different chain structures can 
be summarized in Table 2.1. 
 
Table 2.1 Summary of MR effect influenced by different chain structures 
 
Straight chain Wavy chain 
Tension Negative Positive 
Shear Positive Positive 
 
 
2.6.2 Local non-affine deformation 
To analyze the influence of non-affine deformation, a unit cell containing a finite particle 
chain model is built in COMSOL (Figure 2.12). Straight chains are used to focus on the 
stiffness contribution of the non-affine deformation effect. The result shows the 
interparticle gap narrows as the distance between chains extends. In this case, the material 
is less magnetized; thus the permeability of the structure decreases and the stiffness will 
also slightly decrease.  
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Figure 2.12 Simulated Non-Affine Deformation in Unit Cells under Magnetic Fields. 
Han, Y., Hong, W., & Faidley, L. E. (2013). 
 
When both effects of non-affine defamation and dipolar interaction both exist, we can see 
that shear modulus significantly increases with the wavy alignment of particles. In other 
words, the contribution from dipolar interaction is the dominant element that affects the 
change of stiffness of the material. As the conclusion of the calculations and simulations 
above, stiffness increases with the square of the applied field and is independent of the 
intrinsic matrix material stiffness (Han, Hong, & Faidley, 2013).  
 
The wavy chain structure for anisotropic MRE can be employed while building the 3D 
simulation of MRE. The local non-affine defamation offers good reference to precisely 
calibrate the COMSOL model. 
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3. SAMPLE FABRICATION AND TENSION TEST 
This chapter illustrates how the samples for tension, compression, and shear tests were 
fabricated with and without a curing process. Also, the tension test was conducted, and the 
outcomes were discussed, finding that Young’s modulus is generally larger for anisotropic 
MRE under the same constant magnetic field. 
 
 Volume Fraction Determination for MRE Samples 
Before the determination of the volume fractions for the specimens, Davis’ study (1999) 
was considered. The shear modulus of rubber that filled with randomly dispersed particles 
can be expressed as: 
 𝐺𝑟𝑎𝑛 = 𝐺0(1 + 2.5𝜙 + 14.1𝜙
2) (12) 
 
𝐺0is the pure rubber and 𝜙 is the volume fraction (VF) of the particles. In a unit cell of a 
particle in rubber, assuming the radius is 𝑅, the full width of the unit cell is 𝐷, and the gap 
between two particles is 2𝑤, then the volume fraction can be easily calculated as: 
 
𝜙 =
4𝜋
3 𝑅
3
(2𝑅 + 2𝑤)𝐷2
 (13) 
   
The change of shear stress under magnetic field can also be expressed at: 
 ∆𝐺 = 1.913𝜙 (14) 
   
Combining the equations, we can find that the maximum of ∆𝐺/𝐺 can be found at 𝑉𝐹 =
27%. Also, it was found that the increase of shear modulus (∆𝐺) caused by interparticle 
magnetic forces saturates at 50% (Davis, 1999). This mathematical result has been 
generally accepted and widely used as a guideline in various researches later. 
 
MRE specimen of 27 VF% was initially fabricated, however; the particles seemed to be 
saturated and could not be well-mixed with the silicone rubber liquid, even though was set 
inside the ball miller for mixing for an extensive period. Consequently, smooth fissures 
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were found on the cured specimens. By decreasing the volume fraction, the problem was 
resolved. 
 
 MRE Sample Fabrication and SEM Observation 
The carbonyl iron powder we are currently using is purchased from Sigma-Aldrich 
(product number: C3518). The particles are claimed to be achieved by 225 𝜇𝑚 sieve. The 
actual CI powder’s particle size was observed by SEM. The resulted images showed that 
the particles ranged from 100 nm to 3.1 microns. As shown in Figure 3.1, the particles are 
spherical and tend to cluster. By performing a feature analysis on the SEM image, the 
average particle diameter is found to be 1.5 micron, and this value will be applied to the 
COMSOL simulation model.  
 
Figure 3.1 SEM image of CI particles, observing powder swabbed on double tape 
 
Neodymium magnet powder (NdFeB) was also analyzed as the hard particle filler for 
MRE. NdFeB particles were in an irregular shape, and the average size is 9.1 microns from 
image analysis. It is much more difficult to model this material in COMSOL due to its 
irregular shape and wide discrepancy in sizes, therefore, the method is still being explored. 
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Figure 3.2 SEM image of NdFeB particles, observing powder swabbed on double tape 
 
For the tension test, both isotropic and anisotropic MREs with 12.36 VF% are fabricated. 
115.6 g carbonyl iron powder was added to 100 g of liquid silicone gel; the mixture was 
stirred by hand extensively before the curing agent was added. After the curing agent was 
added and well mixed in, the gel was poured onto a glass plate into two portions. Four 3 
mm metal coins were placed at each corner of the plate, and another plate was placed on 
the top of the coins to press the MRE specimen into a flat shape. One portion of the MRE 
specimen (S1) was cured without the presence of a magnetic field, while the other portion 
(S2) was cured between two ferric magnets which are described in section 1.1.2. The two 
groups are left for curing overnight. After the material was cured, long specimens were cut 
into 140 × 10 × 3 mm thin pieces, and short specimens were cut into 30 × 10 × 3 mm 
pieces. 
 
The microstructures were then observed by SEM to verify whether the desired isotopic and 
anisotropic structures are obtained. As shown in the figure below, the CI particles randomly 
dispersed in the isotopic MRE specimen (left) whereas the particles formed a chain-like or 
net-like structure in the anisotropic specimen (right). The difference in microstructure was 
expected to generate a discrepancy in Young’s modulus when a magnetic field is applied, 
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even though the volume fraction of the material is identical. This difference was compared 
later in the tension test of both specimens. 
 
Figure 3.3 SEM images of isotropic MRE (top) and anisotropic MRE (bottom), observing 
a cross-section of the specimen, gold plated 
 
Samples were also made specifically for the shear test, following the ratio demonstrated by 
the table. The same mixing method was applied, and then the mixture was poured onto the 
glass plate. The filler of the CI specimens is carbonyl iron powder which made soft particle 
MRE (S-MRE), and that of NdFeB specimen are neodymium magnet powder which made 
hard particle MRE (H-MRE). For each filler material, specimens with 20 VF%, 16.75 VF%, 
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8.2 VF%, and 3.24 VF% are fabricated and labeled as demonstrated in Table 3.1. Instead 
of the 3 mm coins for tension specimens, 1.4 mm thick coins were used to separate the two 
plates. Round specimens with 20 mm diameter were punched out from the thin sheets of 
cured materials (Figure 3.4). The demoulding process was challenging even though 
demoulding spray was applied before pouring the mixture. Since silicone rubber and glass 
has firm interfacial bond, it is necessary to seek plates made of other material to press the 
rubber for curing. 
Table 3.1: S-MRE and H-MRE specimens for shear test 
Filler Weight% Volume Fraction Filler Weight% Volume Fraction 
CI 
60 16.75 
NdFeB 
59 16.75 
40 8.2 39.2 8.2 
20 3.24 19.4 3.24 
65.4 20 64.2 20 
Blank 0 0    
 
The fabrication of each specimen used 50 grams of silicone rubber (including the curing 
agent) when the weight fraction is 60% the required amount of CI powder can be calculated 
from 𝑚𝐶𝐼 = 60%(50 +𝑚𝐶𝐼). The result is 𝑚𝐶𝐼 = 75 𝑔. Since the density of silicone gel 
is 1.06 g/𝑐𝑚3  while that of the CI powder is 7.9 g/𝑐𝑚3 , the volume fraction can be 
determined: 
 
VF =
𝑉𝐶𝐼
𝑉𝑡𝑜𝑡𝑎𝑙
=
𝑚𝐶𝐼
𝜌𝐶𝐼
𝑚𝐶𝐼
𝜌𝐶𝐼
+
𝑚𝑆𝑖
𝜌𝑆𝑖
= 16.75% (15) 
 
The density of the NdFeB powder is 7.6 g/𝑐𝑚3, applying this value to the equation above, 
we can find the amount of NdFeB powder we need to add in order to achieve the same 
volume fraction with the according to CI specimen. 
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Figure 3.4 Round MRE specimens for the shear test, t=1.4 mm, d=20 mm 
 
 
 Tension Test with Permanent Magnets on Long Samples 
An apparatus to generate a strong magnetic field for test purpose is designed and built on 
campus with permanent magnets. Two pieces of ferric magnets (magnet.com.au), both 
100 × 100 × 25 𝑚𝑚 in dimension, are mounted on a 3D printed rigid plastic frame. The 
frame held the magnets parallel to each other at a separation gap of 10 mm.  
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Figure 3.5 Experimental setup for tension test under magnetic field 
 
Theoretically, the magnetic flux at a point that is a certain distance (z) away from the 
magnetic field is as calculated by the equation:  
 
B =
𝐵𝑟
𝜋
[arctan (
𝐿𝑊
2𝑧√4𝑧2 + 𝐿2 +𝑊2
)
− arctan (
𝐿𝑊
2(𝐷 + 𝑧)√4(𝐷 + 𝑧)2 + 𝐿2 +𝑊2
)] 
 
(16) 
Where L, W, D is the length, width, and thickness of the permanent magnet block, 
respectively; 𝐵𝑟 is the remanence field, and z is the distance from the magnetic pole. By 
calculation, the magnetic field strength is 68 mT at the gap. Since the magnets could be 
setup as repelling or attracting position, both S1 and S2 could be tested under three cases: 
attracting field, repelling field, and no field. In summary, the following tests were 
performed: (i) isotropic and anisotropic specimens under an attracting field (67 mT), (ii) 
isotropic and anisotropic specimens without a magnetic flux, and (iii) isotropic specimens 
under a repelling field (67 mT). The table below indicates which cases the specimens had 
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been tested. ANI MRE specimen S2 was not tested under repelling field as the field under 
this situation is much less homogeneous; thus the result was not desired and not needed for 
comparison. 
Table 3.2: Long specimen tension test setups for ISO and ANI MRE specimens 
 
S1 S2 
Attract Field Y Y 
Repel Field Y N 
No Field Y Y 
 
It turned out that the long-strip MRE specimens had friction with the magnets at the 
beginning of the test, and were subjected to a non-homogeneous field due to its length. 
Consequently, the result was not convincing and therefore, an improved design came up 
which will be introduce below. 
 
 Tension Test with Permanent Magnets on Short Samples 
As the results from long strip specimens showed some oscillation caused by friction or 
uneven magnetic field between the two panels, the second experimental with short 
specimens came up. Samples were cut into short strips and glued into acrylonitrile 
butadiene styrene (ABS) arms as illustrated in Figure 3.6. The two ends of the specimen 
were constrained within the cavities of the arms, while the middle section was free to move. 
Therefore, during the test, only the middle section would be stretched. The stretchable 
specimen size was measured 10 × 10 × 3 mm. Moreover, Young’s modulus of the ABS 
arms is more than 2.0 GPa; comparing to that of our specimen (estimated at 0.5 MPa), the 
influence on tension strain from the arms were negligible.  
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Figure 3.6 A short MRE specimen strip glued into two ABS clamps, two ends were 
ultimately constrained, the middle section is free 
 
A teslameter (Hengtong YHT10A) was used to measure the strength of the magnetic field 
in the middle of the magnetic gap in order to identify the precise magnetic flux at the 
position of the small specimen. At the center of the gap space, the flux was measured 53 
mT, perpendicular to the magnet plates. The flux at corners could reach 100 mT, but not 
perpendicular. To operate under a homogeneous flux, we chose to place the specimen at 
the center. 
 
In the previous section, it was found that the repelling position of magnets had a minor 
impact on the results, probably due to the divergent flux was almost zero at the center space 
between the magnets. To observe the effect from a stronger magnetic field, we only tested 
with the attraction magnet setup for the short specimens. The steps were: (i) isotropic and 
anisotropic specimens without a magnetic field respectively, (ii) isotropic and anisotropic 
specimens under an attraction field (53 mT) respectively.  
 
During the test, the expectation was fulfilled that only the middle section of the specimen 
deformed (Figure 3.7). When tested between the magnet blocks, the specimen was not 
adhesive to the block as the long strips did since the total magnetic force on short specimens 
was smaller. Additionally, the sliding friction between the abs arms and the magnets was 
small so slight contact between these two during the test would not influence the detected 
forces (Figure 3.7). As a result, the oscillations from the data of the long strip specimens 
were mostly eliminated with the improved design. 
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Lastly, it is noteworthy that the anisotropic specimens were cured along with the thickness. 
Thus, the tension is pulling vertically to the chain structures, which is expected to have a 
negative MR effect under a vertical magnetic field. 
 
 
Figure 3.7 MRE specimen under the tension test without the presence of magnetic field 
(left) and between two attracting magnetic plates (right) 
 
 
 Method of Analysis for Tension Test 
All the raw data generated by the universal test machine and rheometer were imported into 
Excel for graphing and comparison. Load vs. extension graphs of isotropic and anisotropic 
MRE are plotted for all setups. Isotropic data under three types of magnetic fluxes were 
compared; isotropic and anisotropic specimens were also compared side by side under 
attracting and zero magnetic flux respectively.   
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 Results and Discussions for Tension Test 
The curves of load vs. extension and tension stress vs. strain were plotted to analyze MR 
effects under different situations. The results of short specimens are more stable, and the 
curves of them are smoother compared with that of the long specimens. 
 
3.6.1 Tension test results of isotropic and anisotropic MREs under attracting, 
repelling, and zero fields from long strip specimens 
Firstly, the load and extension graphs for each of the three cases for S1 were compared. 
The line in the repelling case has a considerably lower tangent value than the other two 
cases, which indicates that the stiffness under this case was lower. The reason for this result 
is that repelling magnets had a diverging magnetic field which is mostly parallel with the 
tension force during the test. While in the attraction case, the magnetic field was 
converging, in a small gap, the field was mostly perpendicular to the tension force; thus, 
we can consider that the field is homogeneously perpendicular in the attraction case. 
Overall, the latter field quality was what we were looking for to increase the stiffness and 
moduli of MRE. When there was no preload, the specimen was attracted by one of the 
magnets in attraction case and was attracted by both of the magnets on upper and lower 
sections respectively in the repulsion case; so that there was significant friction due to 
contact at the beginning of the test. After the load reached 1.8 N, the specimen was 
completely straightened. As Figure 3.8 shows, the stiffness in the three cases is not very 
different, especially between the repulsion and attraction case. 
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Figure 3.8 Comparison of stiffness under repel, attract, and no field case for G2S1 
(isotropic MRE, 12.36 VF%) 
 
When the tension test was conducted under zero magnetic field, the anisotropic specimen 
exhibited a smaller stiffness. Theoretically, isotropic MRE will have a smaller stiffness 
since the particles are randomly dispersed within the material whereas anisotropic MRE 
has a more tightly bonded chain structure. However, the setup of this tension test is pulling 
the specimen in a direction that is perpendicular to the chain structures. This specific angle 
of pulling force and chain structures is very likely to result in a smaller stiffness since the 
gaps between chains are wider compared to the gaps between randomly dispersed particles 
in isotropic MRE.  
 
After analyzing the tension results of S1, the Load vs. Extension lines for both ISO and 
ANI specimens were carefully compared. The line of ANI Attraction has slightly larger 
stiffness (45N/m) compared to the tangent value of the ISO Attraction (34 N/m). It is also 
noticeable that the S2 line has a periodic fluctuation during the extension. The cause of this 
fluctuation is undetermined. According to the result from the previous figure, we know that 
due to the direction of pulling force, the anisotropic material tends to have smaller stiffness 
under zero magnetic field; in this test under a magnetic field, if the pulling direction is 
along the chain direction, the stiffness of anisotropic specimen might be even larger. 
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Figure 3.9 Comparison of isotropic and anisotropic MRE under attracting magnetic field 
 
 
3.6.2 Tension test results of isotropic and anisotropic MREs under attracting and 
zero fields from short specimens 
The resulting curves from the small specimen tests are smoother overall. Firstly, the stress-
strain curves of the isotropic MRE specimen under zero-field and attraction field are 
compared. As shown in Figure 3.10, when the magnetic field was presented, the specimen 
has a slightly larger strength over 20%-40% strain, and then the two curves overlap at 
around 50% strain. In contrast, for the anisotropic MRE specimen, the strength is lower 
when the attraction magnetic field was presented. However, the difference starts to 
decrease when the strain reaches 40% (Figure 3.10). 
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Figure 3.10 Comparison of tension stress vs strain curves under attract, and no field case 
for isotropic specimen (top) and anisotropic specimen (bottom) with 12.36 VF% 
 
Secondly, the curves of isotropic and anisotropic MRE specimens under zero field were 
compared. Figure 3.11 shows that the stress of the anisotropic specimen increases faster 
than that of the isotropic specimen. However, when the strain reaches 15%, the ISO 
specimen shows a stiffening trend, whereas the ANI specimen shows a softening trend.  
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Figure 3.11 Comparison of isotropic and anisotropic MRE under zero magnetic field 
(top) and attraction magnetic field (bottom) 
 
When the test was repeated under an attraction magnetic field, we can see that the ANI 
specimen still has larger stress than the ISO specimen. The curve of ISO has an increasing 
tangent value over 20%-55% strain; the curve of ANI has a slightly decreasing tangent in 
the beginning but is almost linear after 20% strain (Figure 3.11). 
 
The following table (Table 3.3) has summarized the tension stress values of isotropic and 
anisotropic MRE specimens under zero-field and attraction field at 40% strain, respectively. 
It is clear that the ANI specimen generally has larger strength under both no-field and 
attraction field. Referring to the values in the table below, the ISO specimen is barely 
influenced by the presence of a magnetic field, increasing only by 4%. In the ANI case, the 
strength decreases by 7.7% when the magnetic field was presented.  
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Table 3.3 Summary of the tension stress values of isotropic and anisotropic MRE 
specimens under zero-field and attraction field at 40% strain 
 Tension Stress MPa @ 40% Strain 
 No-field Attraction 
ISO 0.125 0.13 
ANI 0.181 0.167 
 
The MR effect can be generated by the alignment of the chain structure inside anisotropic 
MRE, the direction of the tension force, and the direction of the magnetic flux. In this 
specific case where the tension is perpendicular to the magnetic flux and chain structures, 
the MR effect is negative.  
 
Lastly, the Young’s Moduli of isotropic and anisotropic MRE specimens under zero field 
and attraction field is calculated. For instance, the elastic modulus of the anisotropic 
specimen under zero field was achieved by 𝐸 =  𝜎/𝜀, and the linear part of the stress strain 
curve is used for the calculation. The average tangent value of the stress-strain curve under 
0.02 MPa is determined as 0.75. Thus, the elastic modulus of the anisotropic MRE 
specimen is 0.75 MPa.  
 
The results of four specimens are summarized in Table 3.4. In the tension test, the magnetic 
field was vertical to the tension direction; and for the anisotropic specimen, the chain 
direction is parallel to the magnetic field and vertical to the tension. The table of Young’s 
moduli shows that anisotropic MRE becomes softer under this setup. The elastic modulus 
of the isotropic MRE specimen decreased by 8% when the attraction field was applied. In 
contrast, the elastic modulus of isotropic MRE increased by 16.7% when the attraction 
field presented.   
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Table 3.4 Young’s moduli of isotropic and anisotropic short MRE specimens under 
horizontal attraction field and zero magnetic field 
 
Young's Moduli (MPa) of Short Samples 
 Attraction field Zero field 
Isotropic 0.56 0.48 
Anisotropic 0.69 0.75 
 
 
 Conclusions for Tension Test 
The tension test discovered that the static magnetic field vertical to tension could lower the 
elastic moduli of the specimens. When there is no magnetic field presented, anisotropic 
MRE has considerably larger Young’s modulus. When the magnetic field is present, 
Young’s modulus of isotropic MRE increases whereas that of the anisotropic MRE 
decreases; yet the latter one is still larger than the former one. Moreover, the field has a 
more substantial influence on the isotropic MRE; thus, the elastic modulus is decreased 
more than the anisotropic MRE.  
 
 
  
38 
 
4. COMPRESSION TEST ON CI AND NDFEB SAMPLES UNDER 
NO-FIELD AND ATTRACTION FIELD 
The specimens fabricated with CI and NdFeB powders were also implemented under 
compressive test, tested under no field and attraction field respectively. The test conducting 
methods for each situation will be described, followed by the analytical results and 
discussions.  
 
 Cubic Compression MRE Sample Fabrication and Auxillary Test Apparatus 
Design 
The specimens for the compressive test were fabricated by cutting the MRE sheet made in 
the tension test and stacking five layers together. The two types of MRE has the same 
volume fraction. The stacked cube was 8×10×7.35 mm for MRE with CI particles, and 
8×10×6.85 mm for MRE with Nd particles, as shown in Figure 4.1. 
 
Figure 4.1 The MRE compression test specimen with NdFeB particles (left) and CI 
particles (right) 
 
An apparatus (Figure 4.2 (a)) was designed to hold the cubic specimens at the center of the 
magnet plates during the test. It consists of a U-shape holder and a pressing shaft. The U-
shape hold can friction-fit into the magnet holding frame from the bottom. The elevation 
offered by the U-shape holder is 65 mm so that the compression specimen is placed at the 
center between two magnet plates. On both sides of the U-shape holder, slits of 1.6 mm 
width were cut out as these slit windows allow us to see the specimen during the test. 
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The design also assumes during the operation, the body of the pressing shaft is narrower 
than the width of the U-shape; therefore, the friction between them is minimized. Also, the 
head of the pressing shaft has a flat design so that the pushing rod of the universal test 
machine can firmly press on it. Note that both width and length of the small platform which 
hold the specimen are larger than the specimen’s size so that when the specimen expands 
horizontally due to Poisson effect, it will not be constrained by the U-shape holder and the 
magnet plates during the compression process.  
 
Figure 4.2 (b) shows the final printed apparatus. The specimen is placed at the U-shape 
holder’s small platform. The apparatus can fit into the magnet holding plate tightly from 
the bottom (Figure 4.2 (c)) so that the whole apparatus can stand on the platform of the 
UTM during the compression test. 
 
Figure 4.2 3D-printed apparatus consists of a U-shape holder and a pressing shaft (top) 
and U-shape holder fitted into the magnet holding frame (bottom) 
 
 
 Compression Test with Permanent Magnets on Cubic MRE specimens with CI 
and NdFeB Particles 
For the test of MRE specimens under zero magnetic field, the specimen was placed on the 
metal platform of the Universal Testing Machine and pressed by the shaft of the machine. 
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The compression speed was set to 1mm/min, and the maximum strain of the test was set to 
around 50%. 
 
For the test of MRE specimens under a magnetic field, once the cubic specimen is loaded 
into the apparatus, push the apparatus into the magnet plate holding frame from the bottom. 
The bottom of the frames will fit tightly, and the magnets are now ready to be set onto the 
Universal Testing Machine. The compression speed and the maximum strain was set to the 
value with that of the test under zero magnetic field.  
 
Both tests for zero and attraction magnetic fields were repeated for soft MRE (with CI 
particles) and hard MRE (with NdFeB particles). Therefore, four groups of raw data 
containing load and extension were recorded.  
 
Figure 4.3 The setup of compression test of cubic MRE specimens under a magnetic field 
 
 
 Results and Discussions for Compression Test 
The raw data collected from the compression tests were processed and analyzed by Excel. 
Compression stress was calculated by dividing the loading force by the loaded area. The 
strain rate was achieved by dividing the original length of the specimen by the extension 
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during the test. The compression stress vs. strain curves was plotted. Firstly, the results 
generated when the magnetic field was presented and not presented were compared for 
both materials. Secondly, MREs with different filler particles were compared under the 
same setup. 
 
4.3.1 The influence of the presence of a magnetic field on MREs 
In the stress-strain curve of CI particle filled MRE shown in Figure 4.4, the compressive 
strength under the same strain rate is more considerable when the magnetic field was not 
presented. The difference in strength is maximized at the strain rate of 35%, and then the 
gap gradually decreases. The two curves cross at 50% strain. The attraction curve seems to 
exceed the no-field curve afterward which indicates that the MRE specimen has larger 
compression strength under magnetic field when the strain is above 50%. 
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Figure 4.4 Compression stress vs. strain for CI (top) and NdFeB (bottom) specimens 
under no-field and attraction field 
 
Figure 4.4 (bottom) shows the compression stress-strain relationship for NdFeB MRE 
specimen under and without the presence of the magnetic field. Between the range of 0%-
35% strain, the strength under no-field is larger, and then the situation reverses when the 
strain continues to increase. Note that under the attraction case, the compression stress can 
increase dramatically under large strain and be about 20% higher than the no-field situation. 
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4.3.2 The influence of the filler particles on MREs 
The curves of soft (CI) and hard (NdFeB) MRE specimens were also compared under the 
same setup. In the no-field environment, the NdFeB specimen has higher compression 
stress, and it increases faster than the CI specimen’s as the strain grows (Figure 4.5). In the 
attraction field environment, the situation is similar to the no-field case: the compression 
stress of the hard MRE specimen is higher. Moreover, the incline of the NdFeB curve 
becomes steeper at 35% strain, and that of the CI curve steeper at 40% strain (Figure 4.5).  
 
The sudden change in both curves’ tangents is interesting and worth further analyses. One 
of the possible causes, which we want to eliminate, is when the specimen was compressed, 
it expanded horizontally due to the Poisson effect and was constrained by the surrounding 
walls. When designing the U-shape holder, extra space for the specimen’s length was 
created for its expansion. However, width-wise, there was less space since it was 
sandwiched by the magnetic plates. The solution for this situation is to make slimmer 
specimens for the next verifying test to ensure the specimens are not touching any of the 
boundaries. The new result can be compared to the old one to see if the sudden change in 
tangents disappears. 
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Figure 4.5 Compression stress (MPa) vs strain % for CI and NdFeB specimens under no-
field  
 
Table 4.1 summarizes the compression stress of CI and NdFeB specimens under no 
magnetic field and attraction field at 45% strain for comparison purpose. We can see that 
the compression strength of CI specimen was slightly lower when the attraction magnetic 
field was applied, decreasing from 0.63 𝑀𝑃𝑎 to 0.59 𝑀𝑃𝑎. Conversely, for the NdFeB 
specimen, the compression strength was considerably higher with the presence of the 
magnetic field, increasing from 1.06 𝑀𝑃𝑎 to 1.28 𝑀𝑃𝑎. Also note that under the attraction 
case, the stress difference between the two specimen is larger.   
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Table 4.1 Compression stress of CI and NdFeB specimens under no-field and attraction 
field set up at 45% strain 
 Compression Stress MPa @ 45% Strain 
  No-field Attraction 
CI 0.63 0.59 
NdFeB 1.06 1.28 
 
Similar to the tensile test results, the compressive elastic moduli of CI and NdFeB MRE 
specimens under zero field and attraction field are calculated. The compressive elastic 
modulus of the CI specimen under zero field was again achieved by 𝐸 =  𝜎/𝜀, and the 
linear part of the stress strain curve is used for the calculation. The average tangent value 
of the stress-strain curve under 20% strain is determined as 0.0089. Thus, the elastic 
modulus of the anisotropic MRE specimen is 0.89 MPa.  
 
The results of four specimens are summarized in Table 4.2. The table of the compressive 
elastic moduli shows that the MRE specimens become softer under the presence of the 
magnetic field. The elastic modulus of the CI MRE specimen decreased by 15.7% when 
the attraction field was applied; the elastic modulus of the NdFeB MRE specimen 
decreased by 11.5% when the attraction field presented.   
 
Table 4.2 Tensile elastic moduli of isotropic and anisotropic short MRE specimens under 
horizontal attraction field and zero magnetic field 
  No-field Attraction 
CI 0.89 0.75 
NdFeB 1.3 1.15 
 
 
 Conclusions for Compression Test 
In conclusion, CI and NdFeB specimens both have different compression stress when the 
field was presented and not presented. Under no-field setup, the specimens generally have 
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larger compression strength and the strength under attraction field will exceed the no-field 
strength when the strain increased to a certain point, varied by materials. Also, the strength 
of the NdFeB specimen (hard particle MRE) is always larger than that of the CI specimen 
(soft particle MRE) under both setups; larger strain and the presence of magnetic field 
made this phenomenon more obvious. 
 
Furthermore, a verifying test is recommended to ensure the generated data is not influenced 
by boundary constraints during the compression test. Then the sharp increases of the curves 
can be addressed as the material properties. 
 
  
47 
 
5. LARGE STRAIN SHEAR BEHAVIOR AND STORAGE 
MODULUS UNDER DYNAMIC FIELD 
In this chapter, the experimental methodology and results of large strain shear test and the 
dynamic shear test was discussed. The large strain shear test part compares the behaviors 
of MREs with various volume fraction, filler materials, and under various fields. The 
dynamics shear test part analyzed the storage and loss modulus in a changing magnetic 
field. The shear behavior and hysteresis of both NdFeB and CI MRE were demonstrated. 
The overall results indicate that soft and hard particle MREs can be superior in different 
engineering fields, respectively.   
 
 Shear Test with Rheometer 
Comprehensive shear tests were conducted on round MRE specimens by using Physica 
MCR 301 rheometer. The specimens differ in filler particle volume fraction, filler material, 
and were tested under four levels of static fields (0, 200, 400, and 600 mT) or linearly 
ramping dynamic field (-600~600 mT).  
 
The rheometer Physica MCR 301 was equipped with a module that could produce a strong 
homogeneous magnetic field in a vertical direction. The CI and NdFeB MRE specimens 
with 3 VF%, 8 VF%, 16 VF%, and 20 VF% are tested by the rheometer to compare the 
changes in storage moduli and shear stress at different field strength and volume fraction. 
The round specimen was horizontally placed into the rheometer after the equipment was 
calibrated. The vertical pressing force applied by the shaft on the specimen was set to be 
around 20N. The pressing force was determined based on the stiffness of the specimens. 
When the force was too small, slipping between the specimen and the shaft would likely 
happen as the strain increased. When the force was too large, the MR effect would become 
less noticeable. Before the test started, a thick metal cover was used to contain the magnetic 
field within the test area (Figure 5.1).  
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Figure 5.1 Shear test setup for rheometer, magnetic shield applied for field on the test 
(left) 
 
 
5.1.1 Large-strain behavior in shear mode 
For the large-strain test, the rotational of the rheometer was set to 5 rad/sec. The strain was 
increased from 1% to 50% over 60 seconds; the values were recorded every second. The 
tests re-used all specimens for: (i) under zero magnetic flux, (ii) under 1A current which 
produced 200 mT magnetic flux, (iii) under 2A current which produced 400 mT magnetic 
flux, (iv) under 3A current which produced 600 mT magnetic flux. The magnetic flux was 
constant during each test. Also, a demagnetizing process was implemented between each 
test to ensure the next zero field test result was accurate.  
 
5.1.2 Storage modulus versus magnetic field 
Another shear test was conducted to observe the relation between storage modulus of 
various specimens and a dynamic magnetic field. In this test, the strain was set to 1%, and 
the rotational frequency was 5 Hz. The measuring interval is 0.1 second. The current was 
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set to change over four time-intervals, and each one took place immediately when the 
previous one ended. The field changing intervals were:  
• -3 A to 0 A (-600 mT to 0 mT) 
• 0 A to 3 A (0 mT to 600 mT) 
• 3 A to 0 A (600 mT to 0 mT) 
• 0 A to -3 A (0 mT to -600 mT) 
For each interval, 60 measurements were taken. The intervals were set to be short to ensure 
the hysteresis behavior of the material was captured in a quickly changing magnetic field. 
  
 Method of Analysis for Shear Test 
Shear stress vs. strain graphs were plotted to analyze the large-strain behavior of MRE 
under different densities of magnetic flux, with various volume fraction and with two types 
of materials. Finally, Storage modulus vs. magnetic field strength was plotted to analyze 
the behavior and hysteresis effect under dynamic field and how the volume fraction and 
filler material can influence such behavior. 
 
 Results and Discussions 
In Section 5.3.1, large shear strain behaviors under static field will be analyzed and 
discussed. In Section 5.3.1.4, comparisons of storage moduli of H-MRE (with NdFeB 
particles) and S-MRE (with CI particles) will be presented. The sections are divided into 
subheadings; each shows control variable comparisons. 
 
5.3.1 Large-strain behavior under static fields 
The first sub-section will plot the results of S-MRE with 3 VF%, 8 VF%, 16 VF%, and 20 
VF% under zero magnetic field, comparing the results from under a static 600 mT field. 
The same comparison is then performed on H-MRE results. The second sub-section 
analyzed the influences of different field strengths on S-MRE and H-MRE. High volume 
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fraction (20 VF%) and low volume fraction (3 VF%) specimens were both used from the 
two materials. The third sub-section compares the influences of the same magnetic field to 
the two different materials. Again, specimens of both high and low volume fractions were 
used to make the comparison more all-around. Table 5.1 illustrates the maximum shear 
stresses at 50% shear strain for each volume fraction of both types of MREs under various 
field strengths. 
 
Table 5.1 Comparison the shear stresses (kPa) of CI and NdFeB specimens with volume 
fractions with 3 VF%, 8 VF%, 16 VF%, and 20 VF% under 0, 200, 400, and 600 mT 
magnetic field at 50% shear strain 
Shear Stress kPa @ 50% Shear Strain 
CI specimens 
 3 VF% 8 VF% 16 VF% 20 VF% 
0 mT 43.7 49.7 58.4 94.0 
200 mT 45.1 53.4 65.5 101.0 
400 mT 47.5 58.2 75.9 116.0 
600 mT 48.8 61.2 81.7 127.0 
     
NdFeB specimens 
  3 VF% 8 VF% 16 VF% 20 VF% 
0 mT 46.7 73.6 77.4 101.0 
200 mT 47.1 76.2 85.4 104.0 
400 mT 47.8 79.6 92.2 106.0 
600 mT 49.9 82.3 99.1 110.0 
 
 
5.3.1.1 The influence of volume fraction in large-strain behavior 
Large-strain shear tests of carbonyl iron particles filled MREs were performed under 0 mT 
for specimens with 3 VF%, 8 VF%, 16 VF%, and 20 VF%. In Figure 5.2, we can see a 
trend that the shear modulus increased as the volume fraction increased. The specimen with 
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20 VF% had considerably larger shear modulus than the other specimens, reaching nearly 
100 kPa at 50% strain. Under a static field of 600 mT, as shown in Figure 5.2, the trend is 
similar, and the highest shear stress of 20 VF% MRE specimen reached 130 kPa. The MRE 
specimens with lower VFs also have higher shear stress with the presence of a strong 
magnetic field. 
 
Figure 5.2 CI MRE specimens with 3 VF%, 8 VF%, 16 VF%, and 20 VF% under 0 mT 
magnetic field (top) and under 600 mT magnetic field (bottom). Shear stress (kPa) vs. 
shear strain % 
 
The comparison was repeated on NdFeB test results. By looking at Figure 5.3, we notice 
that the graphs have similar features to each other. The specimen with 20 VF% had the 
largest shear stress at 100 kPa. The tangent of the curve starts to decrease after reaching 
35% strain. Moreover, the 3 VF% curve is almost linear, and under both cases, the shear 
stress remains almost the same. The interesting conclusion is that the addition of NdFeB 
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powder gives the material a shear softening characteristic; specimens with higher volume 
fraction tend to have more softening behavior.  
 
 
Figure 5.3 NdFeB MRE specimens with 3 VF%, 8 VF%, 16 VF%, and 20 VF% under 0 
mT (top) and 600 mT (bottom) magnetic field. Shear stress (kPa) vs. shear strain % 
 
 
5.3.1.2 The influence of magnetic field strength 
The shear stress vs. strain graphs for 20 VF% and 3 VF% MRE containing CI or NdFeB 
particles were plotted. In Figure 5.4, the CI5 specimen (20 VF%) exhibited a consistent 
increase in shear stress as the magnetic field strength stepped up. At 50% strain, the shear 
stress was 120 kPa under 600 mT, while it is only 90 kPa under 0 mT. For Nd5 specimen 
at the same volume fraction, the stress difference under various magnetic field strengths 
was not apparent before 20% shear strain. After reaching the 20% strain, a larger magnetic 
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field resulted in slightly higher shear stress. The maximum stress under 600 mT is 110 kPa, 
and under 0 mT is 100 kPa.  
 
 
Figure 5.4 Shear stress-strain curves at 0 mT, 200 mT, 400 mT, and 600 mT for 20 VF% 
CI MRE specimen (top) and NdFeB MRE specimen (bottom). Shear stress (kPa) vs. 
shear strain % 
 
For lower volume fraction specimens, CI and NdFeB MRE specimens at 3 VF%, the 
influence of the magnetic field strength is minor; though it can still show that the shear 
strengths increased as the field strength increased. The maximum shear stresses at 50% 
strain reached 45-50 kPa for both specimens. The lines of the CI specimen are more linear 
than the ones of NdFeB specimen. The latter specimen has a mild shear softening 
characteristic.  
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Figure 5.5 Stress-strain curves at 0 mT, 200 mT, 400 mT, and 600 mT for 3 VF% CI 
MRE specimen (top) and NdFeB MRE specimen (bottom). Shear stress (kPa) vs. shear 
strain % 
 
 
5.3.1.3 The influence of filler materials 
Graphs are explicitly plotted to compare the difference between CI and NdFeB specimens 
under strong and zero magnetic fields. Figure 5.6 (top) illustrated shear stress and strain 
relation of NdFeB and CI specimens with 20 VF% when no magnetic field presented, while 
Figure 5.6 (bottom) shows that under 600 mT. For CI specimen, shear stress line is almost 
linearly correlated to the strain, whereas the curve of NdFeB has a flattening trend as the 
shear strain goes up. When the magnetic field is not presented, the maximum shear stress 
is 94 kPa for CI5 and 101 kPa for Nd5.  When the magnetic field was 600 mT, the 
maximum shear stress is 127 kPa for CI5 and 110 kPa for Nd5. Without a magnetic field, 
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the shear stress of Nd5 is higher, but the stress difference between the two specimens is 
decreasing as the strain goes up. Under the magnetic field, CI5 specimens have higher shear 
stress than Nd5 specimens has, and the gap between two curves is increasing as strain 
increases.  
  
Figure 5.6 NdFeB and CI MRE specimens with 20 VF% under 0 mT (top) and 600 mT 
(bottom) magnetic field. Shear stress (kPa) vs. shear strain % 
 
The specimens with 3 VF% were also tested. Under 0 mT magnetic field, the shear modulus 
of H-MRE specimen is slightly smaller, and both of the curves are almost linear, reaching 
a maximum shear stresses of 43.7 kPa and 46.7 kPa respectively at 50% strain. Under 600 
mT magnetic field, shear stress of Nd3 specimen grows faster first but is catching up by 
the curve of CI3 specimen at the maximum applied strain which is 50%. Comparing the 
two graphs in Figure 5.7, we can see that the magnetic field can trigger a shear-softening 
trend in Nd3. 
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Figure 5.7 NdFeB and CI MRE specimens with 3 VF% under 0 mT magnetic field (top) 
and 600 mT magnetic field (bottom). Shear stress (kPa) vs. shear strain % 
 
 
5.3.1.4 Shear moduli comparisons and calculations 
The shear moduli of CI and NdFeB MRE specimens with various magnetic fields and 
volume fractions are calculated. For instance, the shear modulus of the 3 VF% CI 
specimens under zero field was again achieved by 𝐺 =  τ/𝛾, and the linear part of the stress 
strain curve is used for the calculation. The average tangent value of the stress-strain curve 
under 20% strain is determined as 0.995. Thus, the elastic modulus of the anisotropic MRE 
specimen is 99.5 kPa.  
 
Table 5.2 demonstrates the shear moduli of CI and NdFeB MRE specimens under 0, 200, 
400, 600 mT. The comparison shows that shear modulus of MRE increases as the volume 
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fraction increases, and as the magnetic field strength increase. Generally, the shear modulus 
of the NdFeB MRE specimens is more significant than that of the CI MRE specimen at the 
same volume fraction and field strength. The table also shows that NdFeB specimens have 
larger shear moduli, but the MR effect on NdFeB MREs is not as significant as it is on the 
CI MREs; in other words, the shear moduli of NdFeB MREs do not increase much as the 
magnetic field strength increase.  
 
Table 5.2 Comparison the shear moduli (kPa) of CI and NdFeB specimens with 3 VF%, 8 
VF%, 16 VF%, and 20 VF% under 0, 200, 400, and 600 mT magnetic field  
Shear Moduli kPa 
CI specimens 
  3 VF% 8 VF% 16 VF% 20 VF% 
0 mT 99.5 111.7 139.8 236.2 
200 mT 101.6 126.1 154.1 264.6 
400 mT 107.6 140.1 195.7 296.6 
600 mT 112.5 145.1 213.1 318.3 
 
NdFeB specimens 
  3 VF% 8 VF% 16 VF% 20 VF% 
0 mT 117.4 193.2 251.9 328 
200 mT 117.4 197.5 302 323.9 
400 mT 117.9 197.7 297.5 324.4 
600 mT 120.8 199.8 305 333.4 
 
 
To verify the mathematical model in Section 2.2.1, the shear modulus generated by the 
experiment is compared to the mathematical result generated by Equation 1. The shear 
modulus of pure rubber from the experiment is 159.8 kPa, and the shear modulus of the 20 
VF% NdFeB MRE specimen under zero magnetic field is 328 kPa. According to Equation 
(1), the fraction of 𝐺/𝐺0 when we applied the corresponding 𝛷 = 0.2 into the equation is 
2.15; while the fraction of the experimental result is 328/159.8 = 2.05. The result shows 
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that the mathematical model is rather accurate on NdFeB MREs. However, for CI MRE, 
the experimental result of the 20 VF% specimen (1.48) is only comparable to the theoretical 
result of a 12 VF% specimen (1.52). The reason may result from poor bonding between CI 
particles and the silicone rubber. It is noteworthy that this equation was originally created 
for calculating the shear modulus of CI particle filled MRE, but it works for NdFeB MRE 
too in our case. 
 
5.3.2 Storage modulus change under dynamic fields 
When the field changed from -600 mT to 0 mT, the modulus slightly increased and then 
declined. From 0 to 600 mT, it continued declining and then increased. When the field 
started to decrease, the storage modulus slightly increased, then decreased, and finally 
increased again. This non-linear behavior was caused by the hysteresis of the material. 
From the resulting figures, we can see that the hard particle MRE had much stronger 
hysteresis. Also, its shape is not symmetry about the zero field line. Wen et al. declaimed 
that the asymmetry is resulted by the rotation of the irregularly shaped NdFeB particles.  
 
5.3.2.1 The influence of volume fraction 
In Figure 5.8, the storage modulus of S-MRE (CI) with 3 VF%, 8 VF%, 16 VF%, and 20 
VF% under the dynamic magnetic field is demonstrated. The specimen with the highest 
volume fraction (20 VF%) has the most considerable volume fraction. As the volume 
fraction decreases, the maximum storage modulus decreases (Table 5.3). The maximum 
values are found at 400 mT and -400 mT. By comparison, the maximum storage modulus 
of the specimen with 20 VF% is six times larger than that of the 3 VF% specimen. It is also 
noticeable at higher volume fraction, the hysteretic reaction is more obvious; at 3 VF%, 
the storage modulus is almost a horizontal line that the increase or decrease of the magnetic 
field did not have much influence on the specimen. 
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Figure 5.8 CI MRE specimens with volume fractions of 3 VF%, 8 VF%, 16 VF%, and 20 
VF% under dynamic field from -600 to 600 mT and from 600 to -600 mT at 1% shear 
strain. Shear modulus (MPa) vs. magnetic field flux (mT) 
 
For H-MRE (NdFeB) specimens with the same volume fractions, the storage modulus is 
much larger. In Figure 5.9, the curve for 20 VF% has fluctuation and does not form a simple 
closed loop like the S-MRE curve does. The curve has crossovers at 400 mT and -400 mT. 
Overall, H-MRE still demonstrates a hysteretic response to the dynamic field. However, 
when the volume fraction decreases to 16 VF% and 8 VF%, the storage modulus has less 
fluctuation and smaller amplitude. At 8 VF% and 3 VF%, the storage moduli do not show 
much response to the changing magnetic field. The minor fluctuation at 3 VF% is likely 
caused by an experimental error (Figure 5.9). The maximum storage moduli are also shown 
in Table 5.3. 
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Figure 5.9 NdFeB MRE specimens with 3 VF%, 8 VF%, 16 VF%, and 20 VF% under 
dynamic field from -600 to 600 mT and from 600 to -600 mT at 1% shear strain. Shear 
modulus (MPa) vs. magnetic field flux (mT) 
 
 
Table 5.3 Maximum storage modulus of S-MRE with 3 VF%, 8 VF%, 16 VF%, and 20 
VF% 
 S-MRE (CI Filler) H-MRE (NdFeB Filler) 
Volume Fraction Max. Storage Modulus Max. Storage Modulus 
20 VF% 0.58 2.7 
16 VF% 0.25 0.6 
8 VF% 0.18 0.3 
3 VF% 0.1 0.2 
 
 
5.3.2.2 The influence of filler material 
Figure 5.10 demonstrates the change of storage moduli of S-MRE and H-MRE specimens 
with 20 VF%, 16 VF%, and 3 VF% under a dynamic field ramping from -600 to 600 mT 
and backward. The storage modulus of H-MRE has more massive fluctuation, maximum 
value, and overall amplitude than that of the S-MRE. When we look at the graph of 16 VF% 
and 3 VF%, the situation is the same except the amplitudes are smaller. Interestingly, as 
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the volume fraction increases, the differences between storage moduli of the two materials 
enlarge, as shown in Table 5.4. At 3 VF%, the ratio of H-MRE/S-MRE is only 1.67; at 16 
VF%, it is 2.4; and at 20 VF%, it becomes as high as 4.66. 
 
The significant fluctuation in 20 VF% figure might be generated by the microstructure of 
the material since the filler particles are extremely irregular in shape. Since the lower 
volume fraction, the smoother the curve is. Figure 5.10 also shows an interesting feature 
that the center crossing point of H-MRE is slightly eccentric from the zero axes. Though 
Wen et al. declaimed that the asymmetry is resulted by the rotation of the irregularly shaped 
NdFeB particles, it does not happen in the other figures. 
 
 
Figure 5.10 NdFeB and CI MRE specimens with 20 VF% (a), 16 VF% (b), and 3 VF% 
(c) under dynamic field from -600 to 600 mT and from 600 to -600 mT. Shear modulus 
(MPa) vs. magnetic field flux (mT) 
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Table 5.4 The ratio of maximum storage moduli between H-MRE and S-MRE 
 
H-MRE/S-MRE  
Volume Fraction Max. Storage Modulus MPa 
20 VF% 4.66 
16 VF% 2.40 
3 VF% 1.67 
 
 
 Conclusions for Shear Tests 
The large-strain shear test concluded that the shear modulus increases as the magnetic field 
strength increases. Under the same level of the magnetic field, the specimen with higher 
volume fraction has larger shear modulus. H-MRE (NdFeB) had smaller shear stress than 
S-MRE (CI) when a magnetic field was applied, and the situation reverses when the field 
was absent. The H-MRE specimen shows shear-softening characteristic at large volume 
fraction. The shear-softening characteristic can also be strengthened by increasing 
magnetic field. Moreover, the shear moduli of NdFeB specimens are larger than that of the 
CI specimens under the same setup. Except for the case that 20 VF% CI specimen under 
600 mT has larger shear modulus due to the phenomenal MR effect. 
 
In the second part of this chapter, the dynamic field test reveals that H-MRE has 
considerably larger storage modulus than that of S-MRE. Higher volume fraction will 
result in higher storage moduli for both materials. H-MRE curves are relatively fluctuating 
while the ones for S-MRE are smooth. The NdFeB particles used in the experiment was 
unmagnetized which had lower performances in the large-strain test. However, in the 
dynamic field test, the NdFeB filled MRE show its strong instinct to a larger storage 
modulus. 
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6. ANALYSES AND SIMULATIONS BY COMSOL AND ABAQUS 
In this chapter, COMSOL simulations were conducted to verify the experimental outcomes. 
Some correlations were found in the large strain tension simulation; however, the non-
linear material model needs further adjustments in COMSOL so that the results can be fine-
tuned. 
 
 Dipole Interaction in MRE 
Inspired by Sun et al. (2014), a 3D dipole model was built in COMSOL to verify that this 
setup is feasible. Figure 6.1 demonstrates the interaction of two iron particle under a 
homogeneous magnetic field inside a rubber matrix. The cores of the spheres have the 
highest stress, and they are pulling toward each other. This outcome agrees with the 
outcome of Sun et al. (2014) in section 2.2.3, and the stresses are in the same dimensional 
scale. 
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Figure 6.1 Magnetic flux density and stress in MRE. Volume: von Mises stress (𝑁/𝑚2). 
Arrow: magnetic flux density 
 
 
 Material Model Fitting Based on Tensile Testing Results 
In the COMSOL model, each material model needs to be defined. The iron particles are 
elastic; silicone rubber is hyperplastic, and there are several possible models to employ. In 
order to obtain a precise simulation result, we need to find out the accurate model and its 
parameters. Abaqus is capable of determining the material model by finding the best fit for 
the curve from testing. The following steps are performed: 
 
a) Created a new material in Abaqus 
b) Selected a hyperelastic and isotropic model, and set potential strain energy to 
unknown 
c) Added uniaxial test data, and imported the experimental tensile stress-strain data of 
a pure silicone rubber specimen, which material was used for MRE fabrication 
d) Defined minimum and maximum strain range in the evaluation window (0 to 0.5) 
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e) Chose possible strain energy potentials – Mooney-Rivlin, Ogden, Neo-Hooke, 
Yeoh, and Arruda-Boyce for comparisons with the curve of test data  
 
In step c), an error would occur in reading experimental data if the value of the stress is not 
consistently incremental. It is not consistently incremental because the machine is taking 
several readings per second, and there were some fluctuations in the data points due to 
environmental influences. The solution to this error was using Excel to process the data, 
generating a new data file that prints out one data line out of every fifty lines from the 
original data file. In this case, representative points were generated which reduced the data 
volume by fifty times and the points were guaranteed incremental. The representative data 
was saved as a CSV file so that Abaqus can directly read it. All the stress-strain results 
generated by the five material models and test are listed in Table 6.1 and are plotted in the 
same chart for comparison. 
 
Table 6.1 Stress-strain inputs for five hyperelastic material models comparing with the 
test generated results 
Ogden Arruda-Boyce 
Mooney-
Rivlin Neo Hooke Yeoh Test 
Strain Stress Strain Stress Strain Stress Strain Stress Strain Stress Strain Stress 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.05 0.03 
0.03 0.01 0.03 0.01 0.03 0.01 0.03 0.01 0.03 0.01 0.07 0.04 
0.04 0.02 0.04 0.02 0.04 0.02 0.04 0.02 0.04 0.02 0.08 0.04 
0.05 0.03 0.05 0.02 0.05 0.03 0.05 0.02 0.05 0.03 0.10 0.05 
0.06 0.03 0.06 0.03 0.06 0.03 0.06 0.03 0.06 0.03 0.12 0.06 
0.08 0.04 0.08 0.04 0.08 0.04 0.08 0.04 0.08 0.04 0.14 0.07 
0.09 0.05 0.09 0.04 0.09 0.05 0.09 0.04 0.09 0.05 0.15 0.07 
0.10 0.05 0.10 0.05 0.10 0.05 0.10 0.05 0.10 0.05 0.17 0.08 
0.11 0.06 0.11 0.05 0.11 0.06 0.11 0.05 0.11 0.06 0.19 0.08 
0.13 0.06 0.13 0.06 0.13 0.06 0.13 0.06 0.13 0.06 0.20 0.09 
0.14 0.07 0.14 0.06 0.14 0.07 0.14 0.06 0.14 0.07 0.22 0.10 
0.15 0.07 0.15 0.07 0.15 0.07 0.15 0.07 0.15 0.07 0.24 0.10 
0.16 0.08 0.16 0.07 0.16 0.08 0.16 0.07 0.16 0.08 0.25 0.11 
0.18 0.08 0.18 0.08 0.18 0.08 0.18 0.08 0.18 0.08 0.27 0.11 
0.19 0.09 0.19 0.08 0.19 0.09 0.19 0.08 0.19 0.09 0.29 0.12 
0.20 0.09 0.20 0.09 0.20 0.09 0.20 0.09 0.20 0.09 0.30 0.12 
0.21 0.09 0.21 0.09 0.21 0.09 0.21 0.09 0.21 0.09 0.32 0.12 
0.23 0.10 0.23 0.10 0.23 0.10 0.23 0.10 0.23 0.10 0.34 0.13 
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0.24 0.10 0.24 0.10 0.24 0.10 0.24 0.10 0.24 0.10 0.36 0.13 
0.25 0.10 0.25 0.10 0.25 0.11 0.25 0.10 0.25 0.11 0.37 0.14 
0.26 0.11 0.26 0.11 0.26 0.11 0.26 0.11 0.26 0.11 0.39 0.14 
0.28 0.11 0.28 0.11 0.28 0.11 0.28 0.11 0.28 0.11 0.41 0.14 
0.29 0.12 0.29 0.12 0.29 0.12 0.29 0.12 0.29 0.12 0.42 0.15 
0.30 0.12 0.30 0.12 0.30 0.12 0.30 0.12 0.30 0.12 0.44 0.15 
0.31 0.12 0.31 0.12 0.31 0.12 0.31 0.12 0.31 0.12 0.46 0.16 
0.33 0.13 0.33 0.13 0.33 0.13 0.33 0.13 0.33 0.12 0.48 0.16 
0.34 0.13 0.34 0.13 0.34 0.13 0.34 0.13 0.34 0.13 0.49 0.16 
0.35 0.13 0.35 0.14 0.35 0.13 0.35 0.14 0.35 0.13 0.51 0.17 
0.36 0.13 0.36 0.14 0.36 0.13 0.36 0.14 0.36 0.13   
0.38 0.14 0.38 0.14 0.38 0.14 0.38 0.14 0.38 0.14   
0.39 0.14 0.39 0.15 0.39 0.14 0.39 0.15 0.39 0.14   
0.40 0.14 0.40 0.15 0.40 0.14 0.40 0.15 0.40 0.14   
0.41 0.15 0.41 0.16 0.41 0.15 0.41 0.16 0.41 0.14   
0.43 0.15 0.43 0.16 0.43 0.15 0.43 0.16 0.43 0.15   
0.44 0.15 0.44 0.16 0.44 0.15 0.44 0.16 0.44 0.15   
0.45 0.15 0.45 0.17 0.45 0.15 0.45 0.17 0.45 0.15   
0.46 0.16 0.46 0.17 0.46 0.16 0.46 0.17 0.46 0.16   
0.48 0.16 0.48 0.17 0.48 0.16 0.48 0.17 0.48 0.16   
0.49 0.16 0.49 0.18 0.49 0.16 0.49 0.18 0.49 0.16   
0.50 0.16 0.50 0.18 0.50 0.16 0.50 0.18 0.50 0.17   
 
 
After all the steps above were performed, a graph shown in Figure 6.2 was obtained. The 
test data was drawn in a solid red line, and the other comparable fit lines were marked 
respectively in the legend part. Most of the model lines generally can fit the data line except 
for the Neo Hooke’s line. According to Table 6.1, the best fit for the test data was found to 
be the Ogden (N3) model. As a result, we employed the Ogden model with three parameters.  
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Figure 6.2 Tensile testing result for material model fitting by Abaqus 
 
 
 Simulations of Tensile Testing on MRE Samples 
A series of COMSOL models were built to simulate the on-campus tensile test, both for 
long specimens and short specimens. RVEs were determined for each case. MATLAB was 
used to generate random particle coordinates as Abaqus could plot spheres at these 
coordinates. For simplicity, a linear material model will be employed first.    
 
6.3.1 Representative volume element and randomized particle coordinates from 
MATLAB 
From the SEM image of isotropic, the average particle size is found to be around 1.5 µm. 
Thus, the model employs spheres with a radius of 1.5 µm (r0) as filler particles. In the 
previous chapter, the specimen that used for tensile testing has the dimension 140 × 10 × 3 
mm. For the ease of modeling building, the representative volume element (RVE) size is 
the actual specimen size divided by 500. While the length is much longer than the other 
edges and results in drawing too many particles, the length is further divided by 20. For the 
ease of calculating and later analysis, we make it proportional to the radius r0. Therefore, 
the final RVE size is 14*r0 × 20*r0 × 6*r0 µm. 
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Since CI particles are freely dispersed with silicone rubber, it is required to build a model 
that has random particle distribution. MATLAB was used to generate random particle 
coordinates. In other words, the software needs to generate random coordinates within the 
cubic domain. It is important to be aware that because the coordinates are the centers of 
the spheres, in order for the surface of spheres not to touch the boundary of the domain, 
the coordinates need to be in a smaller domain that minus a length of the radius on each 
side. Eventually, we have: 
 
{
x(𝑖) =  r0 + (14 ∗ r0 − 2 ∗ r0) ∗ rand(1)
y(𝑖) =  r0 + (20 ∗ r0 − 2 ∗ r0) ∗ rand(1)
z(𝑖) =  r0 + (6 ∗ r0 − 2 ∗ r0) ∗ rand(1)
 
 
Then we can calculate how many particles the code needs to generate based on our desired 
volume fraction. For the tensile testing simulation, the specimen has 12.36 VF%; thus, we 
need 50 particles within the RVE. A loop command is created to verify whether a newly 
generated coordinate is at least two times the radius apart from each previous ones so that 
the spheres do not overlap with each other. If a coordinate fail to satisfy this, a new one 
will be generated. The loop finishes when the coordinates reach the number of 50. Then a 
matrix is created to store the x, y, z coordinates, and write it out to an XYZ file. 
 
The initial attempt was to import the coordinates into SolidWorks with a macro (Figure 
6.3), then use another macro to draw sphere based on the points before importing the 
geometry into COMSOL. In this way, we are able to draw the bulk of particles quickly, so 
that any change of dimensions or volume fractions can be applied easily. Nevertheless, 
after many tries, I still couldn’t find a way to batch creating spheres on specific points yet, 
so I created the 50 spheres directly in COMSOL by inputting their radius and xyz 
coordinates one by one. It is time-consuming to change the parameters of the RVE since it 
might involve drawing all the particles again. Overall, batching drawing method worth 
some time to further explore. 
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Figure 6.3 Coordinates imported into Abaqus as the centers of particle spheres  
 
 
6.3.2 COMSOL model development for the RVE model of MRE  
COMSOL can perform simulations based on various setups and can verify the 
corresponding laboratory results. In our case, a magnetic-mechanic coupling model was 
created to analyze the stress-strain relations under magnetic fields. The cubic RVE created 
from the last section will be given specific materials, boundary conditions, constraints, and 
forces, all simulated to what we have done in the laboratory. Rest of the section will provide 
all details of the model. 
 
After all the spheres and boundaries are created in COMSOL, the RVE models are 
demonstrated in Figure 6.4 for 10 VF%, and 20 VF%. The material of the particle is set to 
iron, and the cubic domain is set to silicone rubber. A homogeneous magnetic field of 0.05 
T is set along the z-direction, which is perpendicular to the tension force, as the lab setup 
was. On the narrow front face, a stress is applied along the x-direction, and the opposite 
face is given a symmetry condition. Maxwell equation is applied to calculate the force 
generated by magnetic field on the boundaries of particles. A sphere is added to contain 
the RVE to make the analysis domain. The domain material is set to air, and the outer shell 
is fixed. 
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Figure 6.4 Random particle dispersion of 10 VF% (left) and 20 VF% (right) in a cubic 
RVE 
 
The RVE with 10 VF% was employed to simulate the on-campus short specimen tension 
test. Young’s modulus of the rubber is obtained from the tension test of a pure rubber strip 
which is the same material used to fabricate the MRE specimens. A parametric sweep is 
used in the COMSOL study to give the applied stress discrete steps from 0 to 0.2 MPa; at 
each step, the strain of the element will be simulated. After the study finish computing, a 
3D plot is added to show the magnetic flux density of through the entire domain; volume 
arrows that indicate the direction and amplitude of the magnetic flux were added too. 
Another 3D plot is showing Von Mises stress; the arrows in this lot is showing deformation 
direction and amplitude. The scale factors of both plots are set to 1 so the plot is 
demonstrating the actual deformation of the element. We can go through the stress steps to 
check how the material deforms at each step.  
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Figure 6.5 COMSOL study: stress=0.2 MPa, surface: total displacement (mm), arrow 
volume: displacement (material and geometry frames); for 10 VF%; under zero magnetic 
field 
 
In the result tab, the derived value option can generate the average surface displacement 
on the surface where the tension force was applied for each stress value. The displacement 
values were then summarized into a table. We can take the values and derive strain to plot 
a stress-strain graph. For comparison purpose, this COMSOL generated stress-strain line 
is plot together with the one we previously obtained by tensile experiment. The comparison 
shows that Young’s modulus calculated by COMSOL simulation is 0.36 MPa, while the 
one from the experiment is 0.308 MPa. The values are very comparable. The line generated 
by COMSOL is linear whereas the line generated by experimental data is non-linear. 
Therefore, for more accurate simulation, the material model in COMSOL needs to be set 
to the hyperelastic – Ogden model. However, the hyperelastic model takes long time to 
calculate, and there are several thin edges that need to be eliminated.  
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6.3.3 Comparisons of COMSOL simulation and experimental results 
The following curves are generated using a linear material model. The blue line represents 
experimental data generated by on-campus short specimen tension test under zero magnetic 
field (results from Section 3.6.2), and the red dashed line represents COMSOL simulated 
curve under zero field.  
 
Figure 6.6 Comparison of the tension stress vs. strain curves of generated by COMSOL 
and experimental data under zero-field (top) and 0.05 T attraction field perpendicular to 
the tension direction (bottom) for 10 VF% 
 
Figure 6.6 shows the comparison of experimental and COMSOL simulation results under 
zero magnetic field and those under 0.05 T attraction field. We can see that the discrepancy 
between the experimental and simulation results is more significant under the attraction 
field case. This result again proves that magnetic field can enhance the softening 
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characteristic of MREs. Since the simulation is using the linear material model instead of 
the hyperelastic model, this characteristic is not demonstrated in the COMSOL curve; thus, 
the discrepancy is more significant in the attraction field case. 
 
The COMSOL simulation was repeated to compare with the Schubert and Harrison’s large-
strain test results of 20 VF% specimen. In this case, the magnetic field strength is 0.2892 T, 
and the elastic modulus of the rubber they used is 1.07 MPa (Schubert & Harrison, 2015). 
Both the COMSOL and the experimental results from the paper are plotted in Figure 6.7. 
The blue lines demonstrate the stress-strain curves from COMSOL simulation, while the 
red lines are those from experimental results. Under the presence of the magnetic field, the 
specimens are more hyperelastic as the dash lines show. Overall, COMSOL results have 
higher stresses under the same strain compared with the experimental results. The reason 
is probably the experimental specimens undergo Mullin’s effect, which means after several 
cycles, rubber materials are subjected to a stress softening effect (Schubert & Harrison, 
2015). 
 
Figure 6.7 Comparison of the tension stress vs. strain curves generated by COMSOL and 
experimental data under 0.2892 T attraction field perpendicular to tension for 20 VF% 
 
Unfortunately, the linear model has noticeable differences, on both curvature and 
magnitude, from the testing results. While highly suspecting the differences are due to the 
material model applied was linear instead of non-linear, it could not be verified since the 
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encounter of a technical problem of COMSOL - the machine froze during the calculation 
if the material model was set to non-linear as described in Chapter 6. Three methods were 
tried to fix this problem: reducing the fineness of the mesh, applying re-meshing in the 
calculation, and upgrading the computer to a workstation that has at least ten times more 
calculation power than the previous one; however, the problem persisted. 
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7. CONCLUSIONS AND FUTURE WORK 
 Conclusions for the Research Work on MRE Characterization 
The tension test concluded that the static magnetic field vertical to tension could decrease 
the elastic moduli of the specimens. When the magnetic field presented is absent, 
anisotropic MRE has considerably larger Young’s modulus. When the magnetic field is 
present, Young’s modulus of isotropic MRE increases whereas that of the anisotropic MRE 
decreases. This result verified that when the direction of the magnetic field is perpendicular 
to the direction of the anisotropic particle chains, the MR effect is negative (Varga, 
Filipcsei, & Zrinyi, 2006). The magnetic field generated by the lightweight permanent 
magnets turned out to be not significant enough to stimulate considerable MR effect. 
 
In the compression test, CI and NdFeB specimens had larger compression strength under 
attraction field. The compressive strength of the NdFeB specimen (hard particle MRE) is 
always larger than that of the CI specimen (soft particle MRE). Again, the differences were 
not significant enough due to the weak magnetic field. 
 
The first part of the shear test - the large-strain shear test, found that the shear modulus 
increases as the magnetic field strength increases and the specimen with higher volume 
fraction have larger shear modulus. H-MRE had lower shear stress than S-MRE when a 
magnetic field was present, while the situation reversed when the field was absent.  
The shear-softening characteristic was also enhanced by increasing magnetic field. The 
shear modulus of a NdFeB specimen is larger than that of a CI specimen under the magnetic 
flux and volume fraction; but the shear modulus of hard MRE almost did not change as 
flux went up, while the shear modulus of soft MRE can be substantially increased by the 
flux. This means NdFeB has a very low magnetization saturation. 
 
In the second part of the dynamic shear test, under small oscillation and changing magnetic 
field, hard MRE has considerably larger storage modulus than soft MRE has. Higher 
volume fraction can increase the storage moduli for both kinds of MREs. It is clear that 
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MRE made with NdFeB has low magnetic remanence and high storage modulus under a 
dynamic field which is agreed with the conclusion of Zhao et al. (2017). 
 
In the COMSOL simulation chapter, the outcome from simulation and experiment have 
some differences but still are comparable. More works can be done to improve this 
COMSOL model; several will be described in the next section. 
 
 Future Works 
The tension test can be redo with stronger permanent magnets to observe stronger MR 
effect. Also the test can extend to hard MRE and the tensile results from soft and hard MRE 
can be compared. 
 
In the compression test, a verifying test is recommended to ensure the generated data is not 
influenced by boundary constraints during the compression test. And then the sharp 
increases of the curves can be addressed as the material properties. Furthermore, adding 
anisotropic specimens for both filler particles will be a good complementation. 
 
Considering the results from compression and shear tests, hard MRE is possibly more 
enhanced in compression and shear combined-mode in respect of performance. Real 
combined testing needs to be carried out to verify this opinion. 
 
Future works on COMSOL is straightforward:  
• Making sure the non-linear material model is applied properly so that the simulation 
can get a more accurate result based on this material model. 
• Performing the simulation for compression and shear modes 
• Completing the simulation with the anisotropic model based on the wavy particle 
pattern in section 2.6.1 and on that observed in the SEM images. 
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